ABSTRACT: Atomic force microscopy is widely used for nanoscale characterization of materials by scientists worldwide. The long-held belief of ambient AFM is that the tip is generally chemically inert but can be functionalized with respect to the studied sample. This implies that basic imaging and scanning procedures do not affect surface and bulk chemistry of the studied sample. However, an in-depth study of the confined chemical processes taking place at the tip−surface junction and the associated chemical changes to the material surface have been missing as of now. Here, we used a hybrid system that combines time-of-flight secondary ion mass spectrometry with an atomic force microscopy to investigate the chemical interactions that take place at the tip−surface junction. Investigations showed that even basic contact mode AFM scanning is able to modify the surface of the studied sample. In particular, we found that the silicone oils deposited from the AFM tip into the scanned regions and spread to distances exceeding 15 μm from the tip. These oils were determined to come from standard gel boxes used for the storage of the tips. The explored phenomena are important for interpreting and understanding results of AFM mechanical and electrical studies relying on the state of the tip−surface junction.
S
ince its invention approximately 30 years ago, atomic force microscopy (AFM) has become a cornerstone for functional material characterization at the nanoscale. 1 In the years following its invention, AFM has evolved from performing simple surface topographical measurements to advanced characterization that allows probing of mechanical, electrical, and magnetic phenomena with nanometer spatial resolution in a variety of environments relevant to material characterization such as vacuum, ambient, and even liquid. 2−14 Additionally, utilizing mechanical, electrical, and magnetic fields produced at the tip has also enabled AFM to be used as formidable lithographical technique. 15−17 For instance, mechanical pressure produced by the tip can be used to locally pattern soft matter, whereas electric fields produced by a biased tip can locally switch spontaneous polarization in ferroelectrics. 15,18−22 Overall, AFM's broad acceptance and utilization in functional imaging as well as lithography in diverse fields such biology, medicine, electrochemistry, and condensed matter physics come from it being considered nondestructive and nonaltering to the surface of the studied sample during imaging and its ability to serve for functional imaging and fabrication. 23−27 The long-held belief of ambient AFM is that the tip is generally chemically inert but can be functionalized with respect to the studied sample. This implies that basic imaging and scanning procedures do not affect surface and bulk chemistry of the studied sample. However, an in-depth study of the confined chemical processes taking place at the tip−surface junction and the associated chemical changes to the material surface have been missing as of now. Therefore, interpretations of the functional response of the AFM tip with the surface in most cases ignore chemical contributions. However, if there are chemical changes that are unaccounted for, results from many AFM functional modes will be misinterpreted due to the unknown state of the tip/surface junction.
In this work, we used a hybrid system that combines the highly surface sensitive chemical analysis technique of time-offlight secondary ion mass spectrometry (ToF-SIMS) 28, 29 with an AFM in the same vacuum chamber to investigate the chemical interactions that take place at the AFM tip−surface junction. We used ToF-SIMS to study the local changes in chemical composition of the material surface when the AFM is operated in contact mode, which showed silicon (Si + ) deposition inside the scanned regions. The silicon was determined to come from uncross-linked small oligomers of polydimethylsiloxane (PDMS) that is used in standard gel boxes for the storage and transport of AFM chips. These oligomers were observed to spread over the surface to distances exceeding 15 μm from the tip. The observed phenomenon was found to be universal for both studied sample and type of AFM tip, including fully metallic tips. The rates of the silicon deposition were found to be independent of contact force and electrical bias applied to the tip but dependent on the overall tip dwell time in contact with sample surface. The rates of silicone oils spread from the tip were also found to be linear with the time. Helium ion microscopy (HIM) and ToF-SIMS investigations of the tips showed that thin silicone oil contamination film could easily be removed with ion irradiation/sputtering. These results are fundamental for interpreting and understanding results of AFM studies used for functional characterization of materials.
■ EXPERIMENT AND RESULTS
The investigations of chemical interaction between the AFM tip and the surface of the studied sample were carried out using the TOF.SIMS.5-NSC (ION-TOF GmbH, Germany) instrument, which combines AFM and ToF-SIMS in the same vacuum chamber. For the measurements we used samples of strontium titanate (SrTiO 3 , STO) and lead zirconate titanate PbZr 0.2 Ti 0.8 O 3 (PZT) thin films. The experiments were carried out in three stages: (1) The sample surface was cleaned using an O 2 − ion gun 30 to minimize the influence of the adsorption layers and surface contamination found on any surface that has been in ambient conditions. (2) The cleaned surface of the sample was scanned using AFM contact mode with detection of the surface topography. For scanning we used two types of silicon tips: nanosensors PPP-EFM with a platinum−iridium coating and NT-MDT DCP-01 with a diamond-like coating and one type of fully metallic platinum−iridium tip: RMN 25PtIr300B. (3) Finally, the scanned regions were studied by ToF-SIMS to detect changes of surface chemistry induced by the scanning. ToF-SIMS measurements were performed using positive-ion mode detection using a bismuth ion primary gun. ToF-SIMS imaging experiments were carried out with spatial resolution of ∼120 nm and spectral resolution of ∼0.3−0.5 Da. To understand the observed changes in surface chemical composition, we quantified the mass spectra in detail. We noted the presence of a significant amount of the silicon (Si + ), which was localized only inside the region scanned by AFM ( Figure  1c) . A similar phenomenon observed for silicon deposition from the AFM tip was found while scanning the surface of a PZT thin film and indium tin oxide (ITO)-coated glass (Figure 1d−f and Figures S1 and S2 ). These results demonstrate that the observed phenomenon is universal with respect to the studied sample.
To understand the source of the Si + signal, we further performed ToF-SIMS investigations with high spectral resolution. In this mode, the bismuth ion beam is intentionally slightly defocused, which provides for a spatial resolution of ∼5 μm but a much higher spectral resolution (<0.01 Da), allowing differentiation of isobaric overlaps between elements and molecular species with similar masses. In particular, this mode allowed us to separate out the silicon isotopes ( This confirmed that the contamination layer deposited by the tip during scanning actually contains silicon. However, this does not mean that the deposited silicon comes in a pure form. In fact, the presence of Si + can be detected in ToF-SIMS due to the fragmentation of a larger silicone-containing molecules. Therefore, we utilized the mass resolving power of the mass spectrometer to identify larger molecular fragments containing silicon. This analysis showed the presence of characteristic siloxane peaks CH 3 Si + and C 3 H 9 Si + , which were also localized inside the scanned region (Figure 2c and d) .
The obtained results further explain the observed enhancement in the concentration of the base STO and PZT elements within the scanned square (Figure 1a, b, d , and e). In this case, the deposited silicon plays the role of matrix deposited on the surface of the studied sample, which enhances the generation of the secondary ions during ToF-SIMS studies. 32 To further ascertain the mechanism for the silicon deposition on the sample surface, we investigated silicon deposition along the scan lines on the surface of PZT as a function of different scan parameters. In these measurements the scanning was carried out along single lines, with each line scanned twice (trace and retrace). As expected, the subsequent ToF-SIMS imaging demonstrated silicon localization along the lines (Figure 3a−c) . The termini of the lines showed slightly elevated silicon concentrations, which was related to technicalities of the used scanning procedure (tip waited at the terminus for the coordinates of the next motion).
To study the deposition process we varied the contact force, electrical bias, and scanning speed along the lines. The contact force F c ranged from 70 nN to 1.4 μN and did not show any influence on the deposition process (Figure 3a and d) . Measurements with smaller values of F c down to 10 nN showed the same results. Similarly, application of an electrical bias U = −3 to +3 V to the tip did not show any significant changes to the deposition rates (Figure 3b and e). However, scanning speed v was found to be the most important scanning parameter. The deposition rate was found to decrease with increasing scan speed (Figure 3c and f) . Similar results were obtained while studying silicon deposition along the lines on the surface of STO thin films ( Figure S3 ).
To understand these results we plotted the deposition rates as a function of scanning speed and inverted scanning speed (Figure 3g and h) . Both plots showed similar shapes for PZT and STO films. PZT demonstrated much higher absolute values of the deposition rates, which may be related to electrostatic interaction of the deposited material with polarization in PZT, as well as matrix suppression and enhancement effects that come from using different substrates. Graphs plotted as a function of inverse speed (or dwell time) were found to be linear ( Figure 3h) ; this means that deposition rate is constant over time.
Further, detailed studies also demonstrated that silicon can spread beyond the scanned regions. In the case of square scans, this led to formation of the circular halo around the scanned square with a smaller silicon concentration ( Figure S4 ). To study this process systematically, we investigated silicon spread from a stationary tip sitting on the sample surface. Here, we varied the dwell time the tip remained on the surface from 5 to 120 min. In all cases, the results showed the formation of circular silicon footprints with a well-localized front (Figure 4a ). The spot radius was found to increase with dwell time. The concentration profiles along the spots showed the maximum silicon concentration right underneath the tip and an abrupt drop at the front, while in between the concentration changed insignificantly (Figure 4b ). Stable silicon concentration within the spot as well as a well-localized front can be explained by the spread of a silicon monolayer. The spot radius was found to be linear with respect to the dwell time (Figure 4c) . Obtained results cannot be described by a simple diffusional model, as in the case of diffusional spread spot size is expected to be proportional to square root of the time. Furthermore, the diffusional model contradicts with concentration profile within the deposited spot (Figure 4b ). Thereby, additional phenomena (e.g., gravity and surface tension) need to be taken into account to model deposition of the silicone oils from the tip.
To understand the origin of the silicon deposited on the sample surface, we performed experiments with different types of AFM tips. We used two types of silicon tips with platinum− iridium and diamond-like coatings as well as one type of fully metallic platinum−iridium tip. Surprisingly, we found silicon deposition from all tips ( Figure S5 ). We expected to see such a result for first two tip types, as those tips are made of silicon. However, the fact that even fully metallic tips are capable of silicon deposition is nontrivial. To understand this process, we performed characterization of the tips morphology using a HIM (Figure 5a −c) and their chemical composition using ToF-SIMS (Figure 5d−f) . Chemical imaging showed that the surface of all the tips is heavily contaminated by the silicon. Concentration of silicone oils was found to be higher at the tip apex. This fact can be attributed to silicone oils concentration near the tip apex due to its geometry. However, it can be also a technical effect, caused by the different values of the sputter yields at differently oriented parts of cantilever and tip. We also found that contamination could be cleaned or sputtered with continuous exposure to helium ion irradiation in the HIM or bismuth ions in ToF-SIMS ( Figure 6 ). Additional HIM images of used AFM tips can be found in Figure S6 .
These results help to explain silicon deposition from a fully metallic tip. Deposition is driven not by the silicon from the tip composition but from the thin contamination layer covering the apex of the tip. This is in good agreement with the study published in 1999, which showed contamination of commercial AFM tips by silicone oils. 33 Observed contamination most likely stems from the polydimethylsiloxane (PDMS) gel boxes, which are widely used for the storage of AFM tips. It has been shown that PDMS can contain a significant amount of uncrosslinked oligomers (or silicone oils) with low molecular masses, 34, 35 which can diffuse over the surface of different materials. 36 In our case the deposition of silicone oils onto the surface is mostly independent of the tip chemical composition or properties but dependent on conditions in which the tip was stored prior to the measurements. PDMS oligomer contamination of the AFM tips is also confirmed by existence of characteristic siloxane peaks of CH 3 Si + and C 3 H 9 Si + inside the scanned regions (Figure 2c and d) .
The phenomena revealed here are important for interpreting and understanding characterization of the material properties by AFM, which relies on the tip−surface interaction. Experiments also showed that contamination is possible when measurements are performed in tapping-mode AFM ( Figure  S7 ), which is widely used to study biological samples and soft matter. It has also been demonstrated that such a type of contamination is present in ambient AFM measurements. In this case AFM scanning of the PZT surface was realized using ambient AFM and the sample surface was further examined in vacuum using ToF-SIMS. These measurements clearly showed deposition of the silicon oils inside the scanned regions ( Figure  S8 ). These results demonstrate that basic AFM scanning can significantly change the properties of the studied sample, by changing the mechanical, electrical, and electrochemical response of the AFM tip to the surface. Unfortunately, ToF-SIMS measurements do not allow one to quantify the amount of the deposited material, as sputter yield can be significantly different for different chemical species. We can only speculate that the amount of deposited silicone oils is insignificant, as it cannot be clearly identified in subsequent AFM scanning.
Therefore, to get accurate and quantitative results when performing functional AFM measurements, tips need to be cleaned prior to the measurement. As an example, low-dose ion sputtering was shown to be effective at removing the siloxane contamination on the AFM tips. Our experiments showed that silicon deposition rate from the tips imaged using the HIM was 10 times smaller than that for the fresh tips from the gel box, which we attribute to sputtering of the contamination silicone oils by the helium ions during HIM imaging ( Figure 6 ).
■ CONCLUSIONS
In this work, we explored the nanoscale chemical interaction that takes place during contact scanning by AFM using a novel hybrid system that combines ToF-SIMS with AFM in the same vacuum chamber. Our results showed that the commercial AFM tips are heavily contaminated by silicone oils, which can be deposited on the surface of a studied sample during AFM scanning. After being deposited on the surface, the silicone oils were found to spread on the surface to distances exceeding 15 μm from the tip. Further, investigations revealed that this phenomenon is universal for different samples and different tip types, including fully metallic tips. Deposition and spread rates were found to be linearly dependent on the tip dwell time in contact with the sample surface. Additionally, we found that ion irradiation can be used to remove silicone oil contamination form the tip and decrease the deposition rates by an order of magnitude. The obtained results point to the importance of understanding and interpretation of chemical tip effects in the quantitative characterization of materials using AFM. ■ METHODS Atomic Force Microscopy. Atomic force microscopy measurements have been carried out using Nanoscan AFM instrument introduced into the ToF-SIMS vacuum chamber. Scanning was performed using three types of AFM tips: (1) nanosensor PPP-EFM silicon tip with platinum−iridium coating; (2) NT-MDT DCP-01 silicon tips with diamond-like coating; (3) RMN 25PtIr300B fully metallic platinum−iridium tips. Scanning was performed in contact mode with contact force F c varied from 70 nN to 1.4 μN, electrical bias applied to the tip U = −5 to +5 V, and scanning speed v that ranged from 1 to 20 μm/s. All measurements have been done in vacuum, 5− 8 × 10 −9 mbar. Time-of-Flight Secondary Ion Mass Spectrometry. ToF-SIMS measurements have been done using TOF.-SIMS.5-NSC instrument, using bismuth ion gun as a primary ion source and O 2 − ion gun as a sputter source. For the imaging ToF-SIMS experiments, we used mode with high spatial resolution, Bi spot size ∼120 nm, energy 30 keV, current 0.48 nA, and spectral resolution 0.3−0.5 Da. High spectral resolution mode was also used to identify mass peaks of the deposited silica. In this mode we used Bi spot size ∼5 μm, energy 30 keV, current 30 nA, and spectral resolution <0.01 Da.
Sputter O 2 − ion gun (energy 1 keV, current 120 nA, and spot size ∼20 μm) was used for surface cleaning of the samples before experiments. The cleaning was performed over an area of 300 × 300 μm under the control of ToF-SIMS in noninterlaced mode. In this mode, each sputtering step of 2 s was followed by analysis of surface chemical composition by bismuth primary source. The procedure was repeated until contamination peaks were minimized in comparison with peaks of the studied sample.
Helium Ion Microscopy. Helium ion microscopy images of the AFM tips were obtained on a Zeiss Orion Nanofab after being mounted onto carbon tape for imaging. For imaging, an accelerating of 25 keV, a 10 μm Au aperture, and beam currents of ∼1.5 pA were used.
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